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GREAT LAKES BEGINNING-OF-MONTH WATER LEVELS
AND MONTHLY RATES OF CHANGE OF STORAGE!
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2300 Washtenaw Avenue
Ann Arbor, Michigan 48104

ABSTRACT. Time series of beginning-of-month water levels and rates of change of lake storage were
determined for each of the Great Lakes and Lake St. Clair for 1941-1975 period. The Thiessen polygon
procedure was used to compute the beginning-of-month levels because it provides more representative over-
all lake levels than straight averaging and requires minimum subjectivity. The effect of crustal movement on
the rate of change of lake storage was investigated and found to be negligible. A gage density analysis
showed good agreement between various size gage networks with the maximum deviation between net-
works decreasing with increasing gage density. Thiessen polygon weighting factors are presented for the
current gage networks to enable future extension of the time series.

INTRODUCTION

The need for improved hydrologic data for Great
Lakes water resource and scientific studies is in-
creasing as the value of the water resources in-
creases. This study presents a procedure to better
quantify beginning-of-month water levels and rates
of change in storage of each of the Great Lakes and
Lake St. Clair based upon the Thiessen polygon
technique. Beginning-of-month levels are necessary
to compute the change in storage term of the lakes’
hydrologic cycle and are also used for the calibra-
tion, verification, and application of Great Lakes
water quantity and regulation models.

Previous studies such as the International Great
Lakes Level Board (1973) study used straight aver-
aging with some subjective adjustment and only a
limited number of the available gages to compute
lake levels and changes in storage. In this study the
Thiessen polygon procedure was selected as it pro-
vides a better representative lake level than straight
averaging and requires minimum subjectivity. Since
1950 the number of available water level gages has
increased from 25 to 50. The initial study period
was comprised of the years 1950-1970 as they con-
tained a sufficient number of water level gages to
analyze the effect of the gage density on the begin-
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ning-of-month level computations. This period is
also significant because it includes the high lake
levels of 1952, as well as the record lows of 1964.
The recommended procedure is used to develop a
data base for the 1941-1975 time period as it is of
the greatest current interest to researchers, engi-
neers, and managers in the Great Lakes community.

METHODOLOGY

The beginning-of-month water levels were com-
puted by the use of a water level gage network on
the periphery of the lake. Ideally, the beginning-of-
month level should represent the instantaneous
level at the beginning of the month. Practically,
however, representative instantaneous true water
levels are difficult, if not impossible, to measure
because of the effect of short-term fluctuations in
wind speed and direction and changes in atmos-
pheric pressure over very small time periods. These
fluctuations could cause considerable error in com-
puting a true instantaneous level for the lake. This
error is lessened by specifying that the beginning-
of-month level for each gage shall be equal to the
average of the daily mean water levels of the first
day of the month and the last day of the preceding
month.

The computations procedure set forth by Quinn
(1971) consists of applying areally weighted factors
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to water levels for each gage in the network. The
weighting factors were computed from Thiessen
polygon networks drawn from the various water
level gage networks. This is expressed mathe-
matically as

Ly =W,L, +W,L, +W5L, +...+W,L,
for

W, +W,+W,; +.. W, =10
where

L, is the weighted beginning-of-month water
level
L,-L, are the beginning-of-month levels at the
various gage locations
W,-W, are the Thiessen polygon weighting fac-
tors for gage locations, 1 to n
is the number of water level gages in the
network,

n

The basic data consisted of daily mean water
levels for the first and last days of the months for
each water level gage in operation. These levels
were computed from the gages by use of sampling
rates that varied from hourly observations in the
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current period to some tri-daily observations in the
early portion of the study. Gage response times,
which are usually less than 1 minute, are sufficient
to filter out effects of wind and ship generated
waves and to determine longer period lake level
variations. The water level gage locations used in
the study are shown in Figure 1. Occasional
missing gage data were interpolated from existing
gages.

The monthly rates of storage changes were com-
puted by multiplying the differences between two
consecutive beginning-of-month levels by the area
of the lake given in Table 1 and dividing by the
number of seconds in the month.

TABLE 1. Lake areas.

Lake Area, km?
Lake Superior 82,100
Lake Michigan 57,700
Lake Huron 59,500
Lake St. Clair 1,110
Lake Erie 25,700
Lake Ontario 19,000
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FIG. 1. Gage locations and Thiessen polygon networks.
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RESULTS

Crustal Movement

The rate of crustal or gage movement on the Great
Lakes has been well documented (Kite and
Adamowski 1973, Coordinating Committee 1977)
and its effect on Lake Superior studies given by
Quinn (1978). In the current study, however, the
primary objective is to produce monthly changes in
storage, on which the impact of crustal movement
is negligible. For example, as depicted in Figure 2,
the relative rate of movement between the Macki-
naw City and Calumet gates on Lake Michigan is
20 cm per 100 years using yearly mean data. This
is equivalent to 0.2 mm per month, a negligible
amount. Similar results were found for the other
lakes. Thus, no corrections were applied to com-
pensate for crustal movement effects.

Gage Density Analysis

Varying gage networks were analyzed for the 1950-
1970 period to determine optimal gage densities.
To calculate the time series of lake levels prior to
1949 required additional smaller networks. The
Thiessen polygons shown in Figure 1 are for the
present time period. The various gage networks
used to compute the time series, with their gages
and weighting factors, are given in Table 2. The
resulting beginning-of-month levels time series for
each lake are shown in Tables 3-8.

TABLE 2. 1975 gage networks and weighting factors.
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FIG. 2. Plot demonstrating the relative crustal movement

between Calumet and Mackinaw City gages. Least squares
fit: Y=9.42 +0.198X.

Thiessen weighting factors and gage networks
for other time periods have already been presented
for Lake Superior (Quinn and Todd 1974), Lake
Michigan (Quinn 1975a), Lake Huron (Quinn
1975b), Lake St. Clair (Kelley 1976), Lake Erie
(Quinn and Derecki 1976a), and Lake Ontario
(Quinn and Derecki 1976b).

An analysis of the effect of gage network den-
sity on reliability of estimated lake level was based
on data for the 1950-1970 period. The effect was
investigated by comparing beginning-of-month lake
levels as computed by various network densities
during corresponding time periods. The statistical
parameters used in the analysis were the standard
deviation about zero, the mean, and the maximum
of differences in beginning-of-month levels
between two different network densities. Addition-

Lake Superior Lake Michigan Lake Huron Lake Erie Lake Ontario

Gage Factor Gage Factor Gage Factor Gage Factor Gage Factor
Point Iroquois 0.078 Mackinaw City 0.057 Lakeport 0.034 Buffalo 0.007 Cape Vincent 0.055
Marquette 0.213  Ludington 0.161 Harbor Beach 0.099 Sturgeon Point 0.026 Oswego 0.128
Ontonagon 0.120 Holland 0.143  Essexville 0.032 Barcelona 0.062  Rochester 0.136
Duluth 0.006 Calumet 0.108  Harrisville 0.272  Erie 0.155 Olcott 0.132
Two Harbors  0.052 Milwaukee 0.152 Mackinaw City 0.018 Cleveland 0.141  Port Weller 0.052
Grand Marais 0.091  Green Bay 0.037 De Tour 0.115 Marblehead 0.103  Burlington 0.028
Thunder Bay 0.110 Sturgeon Bay 0.199 Thessalon 0.059 Toledo 0.014 Toronto 0.084
Rossport 0.189 Port Inland 0.143 Collingwood 0245 Fermi 0.023 Cobourg 0.161
Michipicoten 0.141 Goderich 0.126 Bar Point 0.017 Point Petre 0.184
Kingsville 0.065 Kingston 0.040

Erieau 0.151

Lake St. Clair Port Stanley ~ 0.147

Gage Factor Port Dover 0.050

St. Clair Shores 0.500
Belle River 0.500

Port Colborne 0.039
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TABLE 3. Lake Superior beginning-of-month levels in meters.

YEAR

JAN FEE MAR ApP MAY JUN JuL AUG SEP ocT NOV DEC

1941 183400 182452 182485 182.78 182,94 183,02 183,12 183.16 183418 183430 183.33 183424
1942 183¢16 183408 183401 183402 183406 183421 183423 183426 183¢29 183¢26 183029 183428
1943 183,19 183.14 183413 183408 183411 183¢26 183,45 183444 183443 183434 183426 183el7
1944 183,06 182496 182489 182487 182491 183407 183427 183437 183e4%1 183433 183426 183419
1945 183.1C 183424 183,01 163408 183418 18319 183424 183428 183.33 183.32 183425 183418
1946 183.11 183,06 183,01 183.04 183,07 183413 163422 163425 183,25 183427 183430 18324
1947 183.16 183406 183461 182493 183404 183419 183439 163438 183437 183434 183425 183el6
1948 183406 182,96 182.87 182486 182402 183495 153,08 183413 183418 183413 183406 183406
1949 182,99 182495 182,94 1H2485 182491 183403 183.14 183426 183,24 183421 183.23 183+16
1950 183,08 183405 182499 182497 182405 183433 183,44 183449 183+49 183445 183442 18337
1951 183426 183417 183417 183e18 182429 183437 183448 163,44 183,07 183,48 183.46 163.36
1952 183430 183424 183415 183411 183421 183e22 163433 183447 183,50 183433 183422 183412
1953 183,04 182,97 182493 182,92 182,99 183415 153427 183,33 183435 183426 183e15 18306
1954 182498 182491 182.R7 182482 182495 183413 182,26 163425 183419 183414 183408 183402
1955 182492 182486 182478 182,78 182491 182497 183491 183406 183410 183.11 18313 183408
1956 182,99 182452 182483 182475 182,79 182493 183400 183410 183412 183407 183.02 18296
1957 182.9C 182476 182475 182474 182,86 182494 183,05 183411 183419 183,10 183.03 183402
1958 182494 182487 182481 182¢76 182481 182483 182,94 183,03 183408 183,10 183,06 183,06
1959 182495 182487 182483 1R2.79 182483 183400 183,07 183410 183423 183429 183425 183e13
1960 183493 182437 182485 182.83 183,00 183,18 183,20 183,20 183.18 183,12 183.75 183.04
1961 182.91 182,83 182481 132481 182486 182496 183,01 183403 183,02 183405 183.04 182499
1962 182492 182463 182483 182,77 182.81 182496 183400 183.03 183409 183409 183403 182.94
1963 182486 1R2.79 182474 182478 182485 182490 163408 183405 183408 183407 183.03 18296
1964 182487 182483 162474 182468 182482 183,00 183411 163412 183416 183.21 183.11 18304
1965 182496 182486 182+8) 182478 182¢85 183400 183404 183405 183,06 183409 183.07 18345
1966 183400 182493 182487 182437 18249% 183.06 183411 183412 183.17 183419 183408 183402
1967 182,97 182452 182.86 182.85 182499 183403 183413 182413 183.15 183,08 183408 183401
1968 182493 182485 182,77 182.79 182493 183.01 183420 183435 183¢37 183.41 18340 183426
1969 183420 183,19 183,12 163406 183414 183.19 183422 183421 183421 183612 183¢09 183403
1970 182494 182490 182483 182479 182489 1834068 183¢16 183426 183e22 183423 183428 183426
1971 183417 183408 183408 183408 183414 183427 183433 183433 183431 183428 183e27 183,22
1972 183412 183406 183403 183,08 183410 18321 183421 183427 183,36 183.35 183.24 183417
1973 183408 183402 182495 183,02 183408 183.23 183433 183439 183445 183e37 18333 183,25
1974 183416 183410 183404 182,97 163408 183418 183429 183.36 183,42 183e41 183.38 18335
1975 18326 183,22 183417 183,11 183412 183¢20 183429 183432 183427 183425 183¢20 183423
TABLE 4. Lake Michigan beginning-of-month levels in meters.

YEAR JAN FER MAR APR MAY JUN JuL AUG SEP ocT NOV DEC

1941 175488 175.85 175483 175483 175493 175,99 175496 175493 175,83 175.83 175.96 175.96
1942 175495 175494 175.9) 176400 176412 176428 176429 176431 176.23 176418 176.09 176.07
1943 176404 176400 176403 176416 176425 176447 176462 176468 176469 176463 176.57 17c.a7
1944 176435 176432 176433 176431 176441 176445 176450 176449 176442 176445 176434 176.29
1945 17613 176407 176410 176419 176424 176445 176452 176458 176489 176449 176.35 176.42
1946 176439 176434 176436 176456 176449 176456 176457 176453 176438 176432 176418 176015
1947 176007 176415 176402 176406 176430 176443 176455 176459 176.59 176.52 176.55 176,28
1948 176481 176422 176427 176438 176444 176450 176450 176442 176482 176430 176414 176,05
1949 175095 175486 175495 176407 176409 176412 176417 176413 176406 175.92 175.79 175.69
1950 17576 175475 175474 175488 176404 176409 176.14 176428 176426 176.22 176418 176.03
1951 176409 176413 176427 176426 176455 176460 176463 176472 176482 176470 176469 176.72
1952 176071 176473 176474 176479 176495 177401 177.06 177.02 177.08 176.93 176.74 176470
1953 176466 176455 176461 176470 176485 176488 176485 176490 176484 176477 176267 176.5¢
1954 1764359 176436 176440 176442 176462 176467 176475 176477 176.71 176471 176478 176470
1955 176466 176460 176458 176456 176466 176465 176466 176463 176407 176034 176429 176015
1956 176010 176408 176409 176413 176423 176433 176438 176441 176440 176428 176222 17¢.08
1957 175499 175495 175497 175498 176405 176413 176415 176421 176,16 176404 176.02 175.93
1958 176400 175.94 175.98 175.92 175.88 175.94 175492 175495 175482 175471 175.71 175.54
1959 175457 175.50 175.54 175463 175.80 175.95 175.94 175,89 175.97 175.99 175.87 175.88
1960 175095 175.94 175495 175,98 176416 176438 176449 176452 176456 176.68 176.44 176.29
1961 176423 176413 176413 176414 176420 176422 176428 176431 176.20 176.21 176.05 17c.08
1962 175094 175475 175497 176403 176413 176e15 176419 176413 176,09 176,00 175.92 175.81
1963 17571 175464 175464 175474 175.80 175.85 175.86 175484 175.79 175.74 175.64 175.53
1964 175.41 175042 175.32 175438 175,54 175,57 175.5€ 175.59 175455 175.55 175.87 175,48
1965 175039 175438 175,48 17551 175.67 175.81 175.82 175.84 175.83 175.92 175.82 175.81
1966 175486 175.81 175488 176400 176406 176408 176411 176404 176403 175.87 175.78 175480
1967 175086 175,87 17584 175,92 176415 176419 176430 176430 176426 176.18 176413 176412
1968 176405 176409 176408 176407 176417 176425 176435 176433 176.41 176.34 176236 176.06
1969 176021 176428 176425 176423 176445 176459 176471 176477 176.70 176458 176457 176.43
1970 176487 176435 176434 176434 176446 176455 176457 176462 176452 176456 17653 176,48
1971 176486 176438 176438 176455 176466 176474 176477 176475 176477 176470 176459 176.57
1972 176455 176447 176443 176447 176465 176472 176477 176480 176490 176.85 176486 176,72
1973 17679 176487 176476 176493 177402 177407 177412 177413 177.08 177.01 176.90 176.80
1974 17676 176472 176477 176483 176494 177404 177e10 177407 176497 176489 176.81 176.84
1975 176065 176470 176464 176470 176486 176491 176499 176493 176.99 176.80 176.67 176459
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TABLE 5. Lake Huron beginning-of-month levels in meters.

YEAR JAN - FEB MAR APR MAY JUN JuL AUG SEP ocT NOV DEC

1941 175487 175487 175485 17580 175,93 175,95 175,96 175.96 17589 175487 175485 175493
1942 175488 175491 175492 176403 176407 176419 176433 176431 176022 176420 176417 176408
1943 176004 176406 176411 176417 176430 176442 176465 176470 176469 17661 176449 176452
1944 176440 176440 176434 17638 17636 176443 176453 176450 176442 176440 176430 176430
1945 176419 176419 17613 176418 176430 176439 176456 176453 176489 176444 176442 176440
1946 176436 176435 176434 176440 176445 176647 176456 176452 176446 176433 176430 176417
1947 176410 176402 176407 176404 176425 176445 176456 176463 176457 176455 176445 176445
1948 176423 17621 176419 176430 176e46 176451 176455 176456 17641 176427 176429 176013
1949 176411 17606 176403 175496 1764065 17609 176616 176419 176409 175437 17593 175482
1950 175671 175477 175463 17581 176400 176408 176620 176422 176423 176421 176414 176421
1951 176411 176413 176414 176424 176446 176e57 176465 176475 176467 176467 176477 176474
1952 176469 176477 176474 176e75 176492 176498 176499 17710 177403 176436 17677 176476
1353 17668 17he69 176462 176465 176667 176678 176689 176490 176488 176¢74 176466 176455
1954 176452 176642 176443 176445 176456 176460 176676 176476 17673 17670 176479 176477
1955 176463 176458 176454 176456 176468 17670 176668 176463 176460 176438 176426 176425
1956 176415 176410 176407 176411 176421 176437 176e36 17640 176439 176431 176417 176412
1957 176411 176401 175493 175493 17604 176410 176422 176623 17611 176410 175499 176481
1958 175495 175496 175488 175491 175,98 175489 175.92 17593 175492 175483 17576 175471
1959 17551 175456 175454 175459 175479 175.87 17588 175,93 175,93 175.89 17592 175493
1960 175491 175493 175,95 175493 176410 176¢37 176449 176456 176.54 176447 176427 176640
1961 176620 176413 176417 176412 176419 176419 176424 17624 176422 176420 176422 176406
1962 176403 175498 17599 176401 176405 176416 176.16 17615 176408 175099 175491 175.78
1963 17571 175.62 175463 17566 17576 175481 175481 175483 17580 17571 17564 175466
1964 175645 175438 17537 175435 175440 17552 175455 175455 175656 17551 175442 175441
1965 175438 175446 175436 175443 17564 175473 175479 175.76 17578 17585 175491 175490
1966 175494 175493 175488 175.95 176404 176405 176406 176403 175498 17594 17582 175.87
1967 175485 175484 175488 17586 176403 176012 176427 176427 176423 1766414 176409 176405
1968 17612 176401 176408 176¢09 176420 176422 176430 17635 17623 17642 176425 176428
1969 176031 176428 176422 176428 176437 176447 176467 176074 176469 176456 176446 176452
1970 176433 176436 176432 176430 176438 176447 176454 1764608 176456 176456 176448 176440
1971 176440 176441 176689 176642 176460 176466 176673 176476 17668 176461 176459 176449
1972 176455 176446 17644 176446 176056 176e68 176473 176479 17685 176486 176474 176478
1973 17671 176463 176467 176478 176484 177¢03 17788 177403 177,06 17690 176491 176482
1974 176475 176480 176473 176475 176491 176498 177407 177.08 177402 176489 17676 176465
1975 176468 1764623 176466 17668 176472 176487 176492 176491 17682 176481 176465 176463

TABLE 6. Lake St. Clair beginning-of-month levels in meters.

YEAR JAN FEB MAR APR MAY JUN JUL AUG SEP oCcT NOV DEC

1941 17462 174405 174613 174435 174448 174454 176454 174453 178443 178,37 178437 174435
1942 174039 174421 173476 174452 174434 174481 176483 174486 174¢79 17474 174464 178467
1943 176490 174432 174459 174475 174489 175612 175419 17525 175617 17519 175403 174491
1944 174466 17459 174448 174475 174494 175601 17506 174499 178489 174491 178¢77 174462
1945 174,74 178427 174454 174477 174486 17506 175413 175413 175402 175.11 174497 174,91
1946 174499 174435 174,41 174,98 174092 175,03 175.11 175.08 178.948 178.84 174479 174463
1947 174066 1784460 174442 174474 174497 175613 175,27 175,21 175419 175,09 175.02 174.81
1948 174492 174471 174,86 175404 175404 175413 175¢13 175407 17460 174486 174471 174464
1949 175413 175403 17497 174499 174475 17478 174481 174477 176468 176¢57 174445 174433
19590 174444 174463 174439 174474 174492 174484 174485 174486 1764484 174478 17471 174,70

1951 174469 174460 174485 175400 175015 175417 175421 175422 175413 175,10 175.08 17540¢
1952 17528 175404 175425 175428 17541 17544 175,52 175.47 175,44 175432 175,18 175.04

1953 175404 175405 175401 175413 175422 175428 175432 175¢31 175.28 175.14 175406 174493
1954 176482 174441 174486 175405 175420 175415 175.22 175420 175416 175413 175¢18 175.09
1955 17517 174458 175414 175418 175424 17523 175422 175e17 175408 174493 174483 174470
1956 174472 173493 174423 174468 175400 175400 175403 175406 175406 174432 174479 174462
1957 174462 174432 174463 174465 174484 174485 1T8¢87 174452 174482 174.75 174466 174652
1958 174464 173499 17426 174432 174450 174455 178e58 178463 178455 174449 174442 174426
1959 176419 174405 174414 174453 176062 174469 174466 174461 178461 . 174.53 174,46 174443
1960 176458 174423 174,57 174475 174478 174494 175405 175.06 175.08 174.98 174.80 174464
1961 176,66 174,46 178473 174476 17500 176493 174495 174496 17488 174479 174465 174461
1962 176467 174417 174436 17470 174469 178470 174475 174.70 176466 174061 174450 174,46
1963 174457 174421 174419 174455 17457 178452 176452 174449 174463 174,34 174,27 174621
1964 174021 17387 173484 174421 174e35 174437 174432 174431 174431 1764422 174410 178004
1965 174407 173480 173495 174432 174442 17447 176450 1784444 174405 174442 178438 174,29
1966 174489 174436 176435 174458 174472 174471 176474 178468 174e64 17450 17438 174443
1967 174458 174460 174457 174467 17475 176486 178496 174,89 174.85 174.74 174471 173.74
1968 174482 174477 17447% 176486 174483 174499 175407 175400 174,93 174,89 174.78 174485
1969 176485 174499 174490 174493 17510 17521 175427 175635 175¢25 175.13 175400 174.88
1970 174062 174477 17875 174494 174499 17508 175413 175415 175.03 175407 174498 174,95
1971 175401 174468 174498 175407 175412 17520 175423 175420 17524 17513 175.04 174.98
1972 175402 17505 178493 175407 175416 175628 175,33 175435 17534 175431 17530 175427
1973 175434 175441 175433 17557 175453 175458 175468 175,61 175453 175445 175429 175,29
1974 175437 175.42 175437 175446 175452 175,58 175459 175653 175447 175¢34 175421 175428

1975 17521 17531 175434 17534 17538 17541 175448 175¢41 175448 175¢35 175419 175.04
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TABLE 7. Lake Erie beginning-of-month levels in meters.

QUINN, DERECKI, and KELLY

YEAR JAN FEB MAR APR MAY JUN Jut AUG SEP ocT NOV DEC

1941 173467 173462 173449 173449 173457 173462 173466 173463 173.54 173441 173439 173435
1942 173437 173432 173,33 173459 173477 173.88 173492 173.95 173486 173.77 17374 173.76
1943 173481 173476 173475 173487 17434 17436 17436 174438 174424 174,10 174403 173,96
1944 173485 173476 17371 173482 174410 174420 17420 176406 173498 173491 173478 17347%
1945 173472 173461 173463 173492 174403 174418 174,31 174426 176414 174415 174411 174.03
1946 173495 173492 173481 173498 173498 174410 174424 178416 174401 173,90 173482 173.74
1947 173468 173472 173462 173475 174619 174438 174445 174436 176,31 178413 1764405 173.32
1948 173690 173482 173487 174414 174424 174435 1764435 174.25 174,13 173,98 173.84 173,80
1949 173475 173485 173492 173490 173496 174400 173498 173492 173480 173467 173453 173450
1950 173,53 173.86 173488 174403 174419 174413 176,08 174404 173494 17386 173481 173485
1951 173,88 173.91 174403 174423 17433 174436 174436 174429 174417 174404 173,98 174400
1952 174007 174431 174435 174448 174458 17460 174453 174444 174437 174425 174403 173498
1953 174001 174210 174407 174418 174422 174435 174438 174432 174.25 174,09 173,98 173.54
1954 173487 173481 173490 174408 174432 174427 174426 178,20 178¢13 176403 174,17 174414
1955 174013 17416 174417 174435 174443 178,36 178,30 174422 178416 17401 173.94 173485
1956 173078 17358 173,58 173482 173499 174422 174421 174417 178,18 178407 173488 173.72
1957 173475 17367 17377 173475 174403 174606 174412 174409 173493 173485 173472 17366
1958 173477 173.61 173451 173457 173463 173464 173474 173478 173478 173469 173454 173447
1959 173438 173043 173453 173468 173487 173492 173484 173479 173472 173459 173459 173.56
1960 173668 173¢74 173475 173479 173697 178407 174416 174414 176,10 173,98 173483 173.76
1961 173464 173459 173,71 17389 174.20 174418 174,17 174413 178,07 173,93 173,77 17371
1962 173464 173461 173460 173,78 173483 173483 173486 173482 173477 173469 173462 17362
1963 173455 173.45 173439 173464 173073 173,78 173.7C 173465 173457 173,68 17341 173435
1964 173427 173428 173428 173446 173465 173,63 173460 173453 173450 173438 173425 173418
1965 173424 173428 173e37 173453 173467 173669 173467 173e61 173457 173453 17347 173046
1966 173456 173454 173460 173472 173¢85 173488 173489 173484 173478 173464 173448 173,58
1967 173472 173471 173467 17380 173495 174401 174406 174402 17394 173486 173.80 173.81
1968 173492 173495 173496 174405 174407 178416 176421 174414 174,07 173498 173.85 173.89
1969 173497 174400 174403 174405 174429 174442 174443 174452 178.36 178,21 176403 174404
1970 174402 173.86 173486 173499 174415 174420 174422 178424 174413 174,07 174403 174,00
1971 174403 173494 174496 174418 174e22 174428 174429 174423 174418 17814 174096 173497
1972 174404 174402 174402 174420 174437 174442 178447 17844 174439 178489 176430 174440
1973 174449 174,50 174444 174472 174474 174,74 174481 174471 174.60 174443 174435 174.29
1974 174433 174044 174448 174465 174469 174,74 178,71 174461 174451 174437 178423 174426
1975 17430 174436 174,45 174452 174452 174453 176457 174446 174¢53 174482 176430 174423
TABLE 8. Lake Ontario beginning-of-month levels in meters.

YEAR JAN FEE MAR APR MAY JUN JuL AUG SEP oct NOV DEC

1941 T4a33 74435 74036 74440  T4.50  T4e83 74435 T4.31 74418 74405  T4e01 74400
1942 74401 73498 73498 74432  T4e51  T8e63  T4e62  T4e59  T4.48  T4e42  T4e35  T4e38
1943 Thadd 74433 T4e64  T4e88 74499 75439 75,43 75434 75422  75.03  T4.93  T4.86
1944 T4eTl  T4e61 78057 74462  T8484  T84495  T5¢31 74494 74477  The66  T4e49  Thedl
1945 T4e38  T4e39 74444 7481  T4.96  T5.18  T5.20  75.17 75401 75400 75405 75408
1946 75402 74497 74495 75406 74497  T8e99  T4498  T84.89  T4e76  The66 Thebl  T4.54
1547 74452 74465  Thebl  T4eT3 75402 75,27  T5.51 75452 75435 75413 74,94 74480
1948 7473 T84469  T4eT77 7507 75622 75433 75430 75418 75,01 T4480 7466  T4e63
1949 T4e54 74463 T4 T8 T4e82  T4e93  The8B  T4.TT  T4465 T4449  T4439 74,27 T4415
1950 T4e26  T4e49  T4e60  T4479  T5461 75402 74499 78,91  T4eB1l  T84¢68 74458  T4e62
1951 74467  T4e78 74434  T5415 7547  TS5¢46 75442 75436 75¢15  T4498  T4484  T4.83
1952 74488 75402 75414 75432 75455 7565 75455  TS5e41  75.24 75410  The88 74,82
1953 TheB1  T4eBl  The81 74499 7505 75621 75415 75,03 78,90 74476  T4e61  74.51
1954 74452 T4e48  The66  T4eB2  T5e11  T5416  TSe1Z  T4.95  TheB3 74472  T4e76  T4481
1955 74485  T44B5  T4484 75417 75438 T5¢34 75420 75,01 74,94  74.75 78486  T4e80
1956 74469  T4.57  T4eS51  T4eb4  T4e95 75417 75,09  T4497  T4.91  T4e76  T4.60  ThesT
1957 T4e83  The41  T84443  T4e4T  Th4461  T4469  T4a73  T4e71  T84.53  Thed6 74428  T4a21
1958 74029 78428  T4426  The35  Thed5  Th4e44  T44643  T4,37  T4427 744248  T4e12  T4.08
1959 T4.00 74410 78421  T4e83  T44T2  T4.72  T4459  Taebe 78430  Thell 74,07 74408
1960 74425  T4e33  Tha&I  T4e4B 74,89 75,02  T4,9%  T4.7T  T4.57  7T4.40  T4435 T4.34
1961 78423 T4e12  TA4l6  T4e38  T4e69  T4eBS  T4eB5  T4475  T4e62  T8e45  T4429  T8e23
1962 7421 T4e16  T4413  T4e29  T4461  T8.TT  T4.T8  T4472  T4e67  T8e55  Th.57 74445
1963 74641  T4e26  T4e12 74433 74465  T4489 74,91  T4e84 78,76  T4e54  T4430  The24
1964 T4s13 73495  T3.T7 73497 74428  T4e849  T4454 74449  T4440  T4el8 73495 73477
1965 73069  T3.67 73481  T3497 74426  T4e4S  T84.55  T4.52  T4a67 74440  T4e3T 74,42
1966 T4e43  T4a38 74440  T4458  T4.60  T4.70 76479  T4.70  The64  T4.51 74435  T4.35
1967 Thesbd  T444B 74440  T4e8%  T4e72  T4e90  T4499  75.00 74,90 74483 74,74 78469
1968 T4e5T 74453 T4eS51  T4469  T4e73  T4e82  T4a94  T4e489  T8¢T5  T4460 T4e82  The4h
1969 7447 744546 T4451  T4.53 T4.79  T449T  T5.01  T84488 74466 74482  T4e29  T4425
1970 T4e30  T4e24 74428  T443T 74467  T4eT8  T44B2  TheB4 74468 The54  T444T7  Thea2
1971 7444 T3441  T4e4T 74460 74483  The84  T4e83  T44T3  T4465 T4e51 74438 74426
1972 74434 T4.43  T84449  TAe66  T4e94 75410 75017 7517 75401 74476 74454  T4459
1973 74482 74499 75403 75433 75455 75459 75449 75424 75401  T4472  T4.58 . T4.48
1974 T4a60 74483 74490 74499 75425  TS540€ 75,40  75.24  T4.96  T4e69  T4.41  T4.37
1975 74038 T4.49 T4466  T4e79 74490 T892  T4e91  T84.T6  T4465 T4460 7650  The2
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TABLE 9. Effect of network size on beginning-of-month levels for Lake Michigan.

No. of Networks Mean Dev* Std. Dev* Max. Dev*

Period observations compared (cm) (cm) (cm)
1946-1972 324 3 gage vs 4 gage 0 1 5
1950-1972 275 4 gage vs 5 gage 0 1 3
1955-1972 216 5 gage vs 6 gage 0 0 1
1960-1972 312 6 gage vs 7 gage 0 1 2
1965-1972 288 7 gage vs 8 gage 0 0 1
al data observations were added to the 1960-1972 CONCLUSIONS

period to make it statistically compatible with the
other periods. These additional observations con-
sisted of mid-month and one-third-month levels
obtained by the same procedure as the beginning-
of-month levels. The results of the analysis of Lake
Michigan are presented as an example in Table 9.
The table shows good agreement between the net-
works with the maximum deviation between net-
works decreasing with increasing density, as is
expected. Similar results were found for the other
lakes.

Changes-in-Storage

A time series of monthly changes in storage was
generated for each lake by the equation

(Lo i+l T Lo ,t)A

AS =
t  86,400xD

where

AS, is the change in storage for month t in m*/
sec

L,,+ is the beginning-of-month lake level for
month t in m

Lo,t+1 is the beginning-of-month lake level for
month (t+1) in m

A is the lake area in m?

D is the number of days in month t

86,400 is the number of seconds per day

The resulting monthly rates of change of storage
for each lake are available from the publications
listed in the preceding section. During the years
when the gage density changed, the monthly rates
of change in storage may not agree exactly with
the recommended beginning-of-month levels. This
is because the change in storage was computed
from temporally uniform gage densities.

This study presents a time series of beginning-of-
month levels and rates of change in storage of suf-
ficient quality for both scientific and operational
studies. Thiessen polygon weighting factors are
presented for the current gage networks to enable
future extension of the time series.

REFERENCES

Coordinating Committee. 1977. Apparent differential ver-
tical movement between gauge sites on the Great Lakes.
The Coordinating Committee on Great Lakes Basic
Hydraulic and Hydrologic Data.

International Great Lakes Levels Board. 1973. Regulation
of Great Lakes water levels. Appendix B, Vol. 2, Lake
Regulation.

Kelley, R. N. 1976. Lake St. Clair beginning-of-month
water levels and monthly rates of change of storage.
NOAA Technical Report ERL 372-GLERL 14,

Kite, G. W., and Adamowski, K. 1973. Stochastic analysis
of Lake Superior elevations for computation of relative
crustal movement. J. Hydrology 18:163-175,

Quinn, F. H. 1971. Quantitative mathematical models for
Great Lakes research. Ph.D. dissertation, The University
of Michigan, University Microfilms, Ann Arbor, M1,

. 1975a. Lake Michigan beginning-of-month water
levels and monthly rates of change of storage. NOAA
Technical Report ERL 326-GLERL 2.

. 1975b. Lake Huron beginning-of-month water
levels and monthly rates of change of storage. NOAA
Technical Report ERL 348-GLERL 4,

. 1978, Lake Superior regulation effects. Water
Resources Bulletin 14(5):1129-1142,

Quinn, F. H., and Derecki, J. A. 1976a. Lake Erie beginning-
of-month water levels and monthly rates of change of
storage. NOAA Technical Report ERL 364-GLERL 9.

and . 1976b. Lake Ontario beginning-of-

month water levels and monthly rates of change of

storage. NOAA Technical Report ERL 365-GLERL 10.

_ and Todd, M. J. 1974. Lake Superior beginning-

of month levels and monthly rates of storage changes.
NOAA Technical Memorandum NOS LSC R4.






